Discovery of novel enzyme genes involved in the conversion of an arylglycerol-β-aryl ether metabolite and their use in generating a metabolic pathway for lignin valorization by Higuchi, Yudai et al.

Highlights
 We identified and characterized two novel genes encoding an acetyl-CoA-dependent 
β-keto acid cleavage enzyme specific for the metabolites of arylglycerol-β-aryl ether 
[vanilloyl acetic acid/3-(4-hydroxy-3,5-dimethoxyphenyl)-3-oxopropanoic acid] and 
a vanilloyl-CoA/syringoyl-CoA thioesterase from Sphingobium sp. strain SYK-6.
 We designed a metabolic pathway to convert β-hydroxypropiovanillone to a platform 
chemical, 2-pyrone-4,6-dicarboxylate.
 We proposed a novel lignin valorization strategy by combining a chemical process 
that produces β-hydroxypropiovanillone/β-hydroxypropiosyringone from lignin 
with microbial catabolic functions.
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20 Abstract
21
22 Microbial conversions known as “biological funneling” have attracted attention for their 
23 ability to upgrade heterogeneous mixtures of low-molecular-weight aromatic 
24 compounds obtained by chemical lignin depolymerization. β-hydroxypropiovanillone 
25 (HPV) and its analogs can be obtained by chemoselective catalytic oxidation of lignin 
26 using 2,3-dichloro-5,6-dicyano-1,4-benzoquinone/tert-butyl nitrite/O2, followed by 
27 cleavage of arylglycerol-β-aryl ether with zinc. Sphingobium sp. strain SYK-6 can 
28 degrade HPV generated by the catabolism of arylglycerol-β-aryl ether through 2-
29 pyrone-4,6-dicarboxylate (PDC), a promising platform chemical. Therefore, production 
30 of PDC from HPV can be achieved using the HPV catabolic pathway. However, the 
31 pathway and genes involved in the catabolism of vanilloyl acetic acid (VAA) generated 
32 during HPV catabolism have not been investigated. In the present study, we isolated 
33 SLG_24960 (vceA), which encodes an enzyme that converts VAA into a coenzyme A 
34 (CoA) derivative of vanillate (vanilloyl-CoA) from SYK-6, by shotgun cloning. The 
35 analysis of a vceA mutant indicated that this gene is not required for VAA conversion in 
36 vivo, but it encodes a major enzyme catalyzing CoA-dependent VAA conversion in 
37 vitro. We also identified SLG_12450 (vceB), whose product can convert vanilloyl-CoA 
38 to vanillate. Enzyme genes besides vceA and vceB, which are necessary for the 
39 conversions of HPV to VAA and of vanillate to PDC, were introduced and expressed in 
40 Pseudomonas putida. The resulting engineered strain completely converted 1 mM HPV 
41 into PDC after 24 h. Our results suggest that the enzyme genes that are not required for 
42 the catabolic pathway in microorganisms but can be used for the conversion of target 
43 substrates are buried in microbial genomes. These genes are, thus, useful for designing 
44 metabolic pathways to produce value-added metabolites.
45
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50 1. Introduction
51
52 Lignin, a major component of plant cell walls, is a complex phenolic heteropolymer 
53 produced from hydroxycinnamyl alcohols by radical coupling (Boerjan et al., 2003; 
54 Ralph et al., 2004). Lignin is the second most abundant bioresource on Earth after 
55 cellulose, and it can potentially be used as an industrial raw material. However, the 
56 effective utilization of lignin has not yet been established, which is mainly due to its 
57 structural complexity (Himmel et al., 2007). In recent years, microbial conversions 
58 known as “biological funneling” have attracted attention for their ability to upgrade 
59 heterogeneous mixtures of low-molecular-weight aromatic compounds obtained by 
60 chemical lignin depolymerization into platform chemicals (Beckham et al., 2016; 
61 Linger et al., 2014; Masai et al., 2007; Otsuka et al., 2006).
62 β-aryl ether is the most abundant interunit linkage in lignin, accounting for 45%–
63 50% and 60%–62% of the total linkages in softwood and hardwood lignin, respectively 
64 (Zakzeski et al., 2010). Accordingly, degradation of this structure is considered a crucial 
65 step in lignin degradation. β-aryl ether-type biaryls have two distinct isomeric forms, 
66 erythro and threo, each of which has enantiomeric forms (Akiyama et al., 2000). 
67 Sphingobium sp. strain SYK-6 is an alphaproteobacterium with the best-characterized 
68 catabolic systems for lignin-derived aromatic compounds (Kamimura et al., 2017; 
69 Masai et al., 2007). SYK-6 can utilize various lignin-derived biaryls, including β-aryl 
70 ether, phenylcoumaran, biphenyl, and diarylpropane, as well as monoaryls, including 
71 ferulate, vanillin, and syringaldehyde, as the sole source of carbon and energy. In SYK-
72 6 cells, four stereoisomers of the model β-aryl ether dimeric compound 
73 guaiacylglycerol-β-guaiacyl ether (GGE) are converted into two enantiomers of α-(2-
74 methoxyphenoxy)-β-hydroxypropiovanillone (MPHPV) through the oxidation of the 
75 GGE α-carbon atom catalyzed by Cα-dehydrogenases, LigD, LigL, and LigN (Fig. 1) 
76 (Sato et al., 2009). LigD oxidizes (αR,βS)-GGE and (αR,βR)-GGE into (βS)-MPHPV 
77 and (βR)-MPHPV, respectively, whereas LigL/LigN converts (αS,βR)-GGE and 
78 (αS,βS)-GGE into (βR)-MPHPV and (βS)-MPHPV, respectively. The ether linkage in 
79 the resulting MPHPV is cleaved by enantioselective glutathione S-transferases (GSTs), 
80 LigF, LigE, and LigP (β-etherases), to produce α-glutathionyl-β-
81 hydroxypropiovanillone (GS-HPV) and guaiacol via the nucleophilic attack of the 
82 glutathione on the MPHPV β-carbon atom (Fig. 1) (Gall et al., 2014; Masai et al., 2003; 
83 Tanamura et al., 2011). LigF and LigE/LigP attack (βS)-MPHPV and (βR)-MPHPV to 
84 produce (βR)-GS-HPV and (βS)-GS-HPV, respectively (Gall et al., 2014; Hishiyama et 
85 al., 2012; Masai et al., 2003; Tanamura et al., 2011). LigG, another GST, catalyzes the 
86 cleavage of the thioether linkage in (βR)-GS-HPV by transferring the glutathione of 
87 (βR)-GS-HPV to another glutathione molecule to produce β-hydroxypropiovanillone 
88 (HPV) and glutathione disulfide (Fig. 1) (Masai et al., 2003; Meux et al., 2012). A 
89 recent study has reported that GST-encoding SLG_04120 exhibits GSH-eliminating 
90 activity of both GS-HPV isomers (Kontur et al., 2018).
91 HPV and β-hydroxypropiosyringone (HPS, an intermediate metabolite of syringyl-
92 type β-aryl ether) are converted into vanilloyl acetaldehyde (VAL) and 3-(4-hydroxy-
93 3,5-dimethoxyphenyl)-3-oxopropanal (SAL), respectively, via oxidation of the alcohol 
94 group at the Cγ-position of HPV and HPS by HpvZ, which belong to the glucose-
95 methanol-choline oxidoreductase family (Fig. 1) (Higuchi et al., 2018). VAL and SAL 
96 are further converted into vanilloyl acetic acid (VAA) and 3-(4-hydroxy-3,5-
97 dimethoxyphenyl)-3-oxopropanoic acid (SAA), respectively, via oxidation of the 
98 aldehyde group at the Cγ-position of VAL and SAL by multiple benzaldehyde 
99 dehydrogenases, including SLG_20400 (Fig. 1). In our previous study, we suggested 
100 that VAA and SAA are catabolized via vanillate and syringate through activation of 
101 VAA and SAA by coenzyme A (CoA) (Higuchi et al., 2018). Although feruloyl-CoA 
102 synthetase (FerA) has the ability to convert VAA into its CoA derivative (VAA-CoA), 
103 this gene is not required for VAA conversion (Higuchi et al., 2018). Therefore, the 
104 genes primarily responsible for the conversion of VAA and SAA remain unknown.
105 It has recently been demonstrated that certain biological and chemical treatments of 
106 lignin produce HPV and HPS as products. Ohta et al. reported that HPV and HPS were 
107 obtained from milled wood lignin after incubation with β-aryl ether cleavage enzymes 
108 (SDR3, SDR5, GST3, GST4, and GST5) of Novosphingobium sp. MBES04 (Ohta et al., 
109 2017). Similarly, HPV and HPS were obtained from maize corn stover lignin by 
110 incubation with LigD, LigN, LigE, and LigF of SYK-6 and Nu class GST of 
111 Novosphingobium aromaticivorans DSM 12444 under conditions wherein NAD+ and 
112 glutathione were recycled (Gall et al., 2018). Regarding chemical processing, 
113 Lancefield et al. reported an isolation method for HPV and HPS from birch lignin via 
114 catalytic oxidation of the β-aryl ether linkage in lignin, followed by zinc-mediated 
115 cleavage of the ether bonds (Lancefield et al., 2015). In the SYK-6 catabolic pathway of 
116 HPV and HPS, 2-pyrone-4,6-dicarboxylate (PDC; a promising platform chemical for 
117 functional polyamides, polyesters, and polyurethanes) is generated as an intermediate 
118 metabolite (Fig. 1) (Higuchi et al., 2018; Hishida et al., 2009; Masai et al., 1999; 
119 Michinobu et al., 2009; Shikinaka et al., 2018). To date, PDC production from 
120 protocatechuate (Otsuka et al., 2006), and vanillin, vanillate, and syringaldehyde 
121 obtained from kraft lignin, Japanese cedar, and birch (Qian et al., 2016) has been 
122 achieved using engineered strains of Pseudomonas putida PpY1100. Recently, PDC 
123 production has attracted attention; PDC production from lignin-derived or lignin-related 
124 aromatic compounds and some lignin depolymerization products using engineered N. 
125 aromaticivorans DSM 12444 and P. putida KT2440 has been reported (Johnson et al., 
126 2019; Perez et al., 2019). A new strategy to utilize lignin can be established by 
127 combining chemical or biological processes that produce HPV and HPS with the SYK-6 
128 catabolic system to produce PDC.
129 In the present study, we identified and functionally characterized two novel SYK-6 
130 genes whose products can convert VAA/SAA into vanilloyl-CoA/syringoyl-CoA and 
131 vanilloyl-CoA/syringoyl-CoA into vanillate/syringate. Using these genes as well as 
132 other HPV/HPS catabolic genes, we metabolically engineered P. putida to produce PDC 
133 from HPV.
134 2. Materials and Methods
135
136 2.1. Bacterial strains, plasmids, and culture conditions
137 The strains and plasmids used in this study are listed in Table S1. Sphingobium sp. 
138 strain SYK-6 and its mutants were grown in lysogeny broth (LB); Wx minimal medium 
139 (Kasai et al., 2012) containing 10 mM sucrose, 10 mM glutamate, 0.13 mM methionine, 
140 and 10 mM proline (Wx-SEMP); and Wx-SEMP containing 2 mM GGE or HPV at 
141 30°C. Sphingobium japonicum UT26S and P. putida PpY1100 were grown in LB at 
142 30°C. When necessary, 50 mg/L kanamycin, 100 mg/L streptomycin, or 12.5 mg/L 
143 tetracycline was added to the cultures. Escherichia coli strains were grown in LB at 
144 37°C. For cultures of cells carrying antibiotic resistance markers, the media for E. coli 
145 transformants were supplemented with 100 mg/L ampicillin, 25 mg/L kanamycin, or 
146 12.5 mg/L tetracycline.
147
148 2.2. Preparation of substrates
149 HPV and HPS were prepared as described previously (Higuchi et al., 2018). For the 
150 preparation of VAA and SAA, HPV or HPS (final concentration: 1 mM) was added to 
151 20 mL of the cell suspensions of E. coli BL21(DE3) cells harboring pCold12830 (final 
152 optical density at 600 nm [OD600] of 50.0) and E. coli BL21(DE3) cells harboring pT21-
153 2040 (final OD600 of 15.0). After incubation with shaking for 12 h at 30°C, the cultures 
154 were centrifuged at 19,000 ×g for 15 min, and the supernatants were filtered using an 
155 Amicon Ultra spin filter unit (3 kDa cutoff; Millipore). The resulting filtrates were used 
156 in the preparation of 1 mM VAA and SAA. PDC was prepared as described previously 
157 (Otsuka et al., 2006). Other aromatic compounds were purchased from Tokyo Chemical 
158 Ind., Co., Ltd.; Sigma-Aldrich Co., LLC.; and FUJIFILM Wako Pure Chemical 
159 Corporation.
160
161
162 2.3. Conversion of VAA by cell extracts and resting cells
163 SYK-6 cells grown in LB were inoculated into the same medium (final concentration: 
164 1%) and incubated for 24 h. The resultant cells were washed twice with 50 mM Tris-
165 HCl buffer (pH 7.5, Buffer A). Cells resuspended in the same buffer were then broken 
166 using an ultrasonic disintegrator (QSonica Q125; WakenBtech Co., Ltd.). After 
167 centrifugation at 19,000 ×g for 15 min at 4°C, the supernatants were obtained as cell 
168 extracts. Protein concentration was determined using the Bradford method with bovine 
169 serum albumin as the standard (Bio-Rad Laboratories). The cell extracts (200–1,000 µg 
170 protein/mL) of SYK-6 were incubated in Buffer A containing 100 µM VAA in the 
171 presence and absence of cofactors (1 mM CoA + 1.25 mM ATP + 1.25 mM MgSO4, 
172 1 mM acetyl-CoA, or 1 mM succinyl-CoA) for 5 min at 30°C. The reactions were 
173 stopped by the addition of acetonitrile (final concentration: 50%). Precipitated proteins 
174 were removed by centrifugation at 19,000 ×g for 15 min, and the resulting supernatants 
175 were diluted with water (final concentration: 25%), filtered, and analyzed using high-
176 performance liquid chromatography (HPLC). Specific activity was expressed in moles 
177 of VAA converted per minute per milligram of protein.
178 For resting-cell assays, SYK-6 cells grown in LB were inoculated into Wx-SEMP 
179 to an OD600 of 0.2 and grown at 30°C. GGE or HPV (2 mM) was added when the OD600 
180 of the culture reached 0.5, and the culture was then further incubated for 6 h. Cells were 
181 collected by centrifugation at 5,000 ×g for 5 min, washed twice with Buffer A, and 
182 resuspended in the same buffer. The resultant cell suspensions were used as resting cells. 
183 Resting cells (OD600 = 2.0) were mixed with 100 µM VAA and incubated for 8 h at 
184 30°C with shaking. Portions of the cultures were periodically collected, and the 
185 reactions were stopped by centrifugation. The amount of VAA was measured using 
186 HPLC.
187
188
189 2.4. HPLC–mass spectrometry analysis
190 HPLC–mass spectrometry (HPLC–MS) analysis was performed with the ACQUITY 
191 UPLC system (Waters) coupled with an ACQUITY TQ detector using a TSKgel ODS-
192 140HTP column (2.1 × 100 mm; Tosoh) as described previously (Fukuhara et al., 
193 2010). All analyses were performed at a flow rate of 0.5 mL/min. The mobile phase was 
194 a mixture of Solution A (acetonitrile containing 0.1% formate) and Solution B (water 
195 containing 0.1% formate) with the following conditions: detection of the reaction 
196 products of VAA and syringate generated from SAA: 0–4.0 min, linear gradient from 5% 
197 to 15% A; 4.0–4.2 min, decreasing gradient from 15% to 5% A; 4.2–5.0 min, 5% A. 
198 Detection of the reaction products of SAA and VAA in the presence of propionyl-CoA: 
199 0–5.0 min, linear gradient from 5% to 10% A; 5.0–5.2 min, decreasing gradient from 
200 10% to 5% A; 5.2–6.0 min, 5% A. Detection of the reaction products of VAA in the 
201 presence of butyryl-CoA: 0–7.0 min, linear gradient from 2% to 10% A; 7.0–7.2 min, 
202 decreasing gradient from 10% to 2% A; 7.2–8.0 min, 2% A. Detection of the reaction 
203 products of caffeate: 0–3.0 min, linear gradient from 5% to 25% A; 3.0–3.2 min, 
204 decreasing gradient from 25% to 5% A; 3.2–4.0 min, 5% A. Detection of the reaction 
205 products of ferulate, sinapate, p-coumarate, 3-(4-hydroxy-3-methoxyphenyl)propionate, 
206 homovanillate, vanillylmandelate, and vanillate: 0–5.0 min, 10% A. Detection of the 
207 reaction products of cinnamate: 0–5.0 min, 25% A. For the analysis of the reaction 
208 products of HPV, the mobile phase was a mixture of water (95%) and acetonitrile (5%) 
209 containing 0.1% phosphate. VAA, SAA, vanilloyl-CoA, syringoyl-CoA, vanillate, 
210 syringate, ferulate, sinapate, p-coumarate, cinnamate, caffeate, 3-(4-hydroxy-3-
211 methoxyphenyl)propionate, homovanillate, vanillylmandelate, and PDC were detected 
212 at 280, 307, 300, 300, 260, 275, 322, 323, 310, 278, 323, 279, 279, 311, and 315 nm, 
213 respectively. In the electrospray ionization–MS (ESI–MS) analysis, MS spectra were 
214 obtained using the negative-ion mode with the settings reported in our previous study 
215 (Fukuhara et al., 2010).
216
217 2.5. Gene cloning
218 A partially SalI-digested gene library of SYK-6 constructed with pVK100 in E. coli was 
219 introduced into the host strain S. japonicum UT26S by triparental mating (Ditta et al., 
220 1980). The ability of 330 transconjugants grown in diluted LB to transform 50 µM 
221 VAA was analyzed by HPLC. SalI fragments of pVA17 and pVA116 isolated from the 
222 transconjugants (No. 17 and No. 116, respectively) were cloned into pBluescript II 
223 KS(+). The nucleotide sequences of both ends of the inserts were determined, and the 
224 complete sequences were retrieved from the genome sequence of SYK-6 (accession 
225 number: AP012222). To examine whether each of the seven cosmids contained 
226 SLG_24820 or its homolog, polymerase chain reaction (PCR) was performed using the 
227 seven cosmids as templates and the primer pairs listed in Table S2.
228
229 2.6. Analysis of nucleotide and amino acid sequences
230 Nucleotide sequences were determined by Eurofins Genomics. Sequence analysis was 
231 performed using the MacVector program (MacVector, Inc.). Sequence similarity 
232 searches, pairwise alignments, and multiple alignments were conducted using the 
233 BLASTP program (Johnson et al., 2008), the EMBOSS Needle program through the 
234 EMBL-EBI server (Li et al., 2015), and the Clustal Omega program (Sievers et al., 
235 2011), respectively.
236
237 2.7. Expression of SLG_24820, vceA, and vceB in E. coli and enzyme purification
238 DNA fragments carrying SLG_24820, SLG_24960 (vceA), and SLG_12450 (vceB) 
239 were amplified by PCR using SYK-6 total DNA and the primer pairs listed in Table S2. 
240 Amplified fragments carrying SLG_24820, vceA, and vceB were cloned into pET-16b to 
241 obtain pET24820, pET24960, pET12450, respectively. Nucleotide sequences of their 
242 inserts were confirmed by sequencing. To generate pCold24820, the 0.9 kb NdeI-
243 BamHI fragment of pET24820 was inserted into pCold I. The expression plasmids were 
244 introduced into E. coli BL21(DE3), and the transformed cells were grown in LB. 
245 Expression of SLG_24820 and other genes was induced for 24 h at 16°C and 4 h at 
246 30°C, respectively, by adding 1 mM isopropyl-β-D-thiogalactopyranoside when the 
247 OD600 of the cultures reached 0.5. Cells were then harvested by centrifugation at 
248 5,000 ×g for 5 min at 4°C and washed with Buffer A. The resultant cultures were 
249 washed twice with Buffer A, and the cells were then resuspended in the same buffer and 
250 broken by an ultrasonic disintegrator. After centrifugation at 19,000 ×g for 15 min at 
251 4°C, the supernatants were obtained as cell extracts. For purification of VceA, a cell 
252 extract of E. coli BL21(DE3) harboring pET24960 was applied to a His SpinTrap 
253 column (GE Healthcare). Purified fractions were subjected to desalting and 
254 concentrating using an Amicon Ultra spin filter unit (30 kDa cutoff; Merck Millipore), 
255 and the enzyme preparation was stored at −80°C. The expression of genes and the 
256 purity of preparations were examined using sodium dodecyl sulfate (SDS)–12% 
257 polyacrylamide gel electrophoresis (PAGE). Protein bands in gels were stained with 
258 Coomassie Brilliant Blue.
259
260 2.8. Identification of reaction products
261 In the presence of 0.2–1.0 mM acetyl-CoA, VAA or SAA (100 µM) was incubated with 
262 the cell extract of E. coli BL21(DE3) harboring pET24820 (800 µg protein/mL), cell 
263 extract of E. coli BL21(DE3) harboring pET24960 (100 µg protein/mL), or purified 
264 VceA (10 µg protein/mL) for 10–120 min at 30°C. The reaction mixtures were then 
265 analyzed using HPLC–MS under the conditions described above.
266
267 2.9. Construction of mutants
268 To construct the mutants of SLG_24820, vceA, and vceB, the upstream and downstream 
269 regions (ca. 1.0 kb each) of the genes were amplified by PCR from SYK-6 total DNA 
270 using the primer pairs listed in Table S2. The resulting fragments were cloned into 
271 pAK405 (Kaczmarczyk et al., 2012) by In-Fusion Cloning (Takara Bio). Each of the 
272 resulting plasmids was introduced into SYK-6 cells by triparental mating, and the 
273 resulting mutants were selected as described previously (Kaczmarczyk et al., 2012). 
274 Gene deletion was confirmed by colony PCR using the primer pairs listed in Table S2. 
275 For complementation of the vceA mutant (∆2496), pQF24960 was introduced into 
276 ∆2496 cells by electroporation. The transformed cells were then grown in LB 
277 containing 100 µM cumate and tetracycline for 24 h.
278
279 2.10. Characterization of ∆2482 and ∆2496
280 SYK-6, SLG_24820 mutant (∆2482), and ∆2496 cells were grown in LB. After 24 h of 
281 incubation, cells were collected by centrifugation, washed twice with Buffer A, and 
282 resuspended in the same buffer. After the addition of 100 µM VAA or SAA, resting 
283 cells (OD600 of 0.5) were incubated at 30°C with shaking for 8 h. Portions of the 
284 cultures were periodically collected, and the amounts of the substrates were measured 
285 using HPLC. Cell extracts (2–1,000 µg protein/mL) of SYK-6, ∆2482, ∆2496, and their 
286 complemented strains were incubated with 100 µM VAA in the presence of cofactors in 
287 Buffer A for 5 min at 30°C. The supernatants of the reaction mixtures were analyzed 
288 using HPLC.
289
290 2.11. Analysis of enzyme properties
291 The enzyme reaction was conducted by incubating purified VceA (1–50 µg protein/mL) 
292 with 100 µM VAA, 100 µM CoSO4·7H2O, and 1 mM acetyl-CoA in Buffer A for 3 min 
293 at 30°C. After incubation, the amounts of VAA were measured using HPLC. To 
294 examine metal ion dependency, 500 µM ethylenediaminetetraacetic acid (EDTA) was 
295 added to Buffer A containing purified VceA (5 µg protein/mL). After incubation for 
296 20 h on ice, EDTA-treated VceA was incubated with 100 µM VAA and 1 mM acetyl-
297 CoA for 3 min at 30°C. To examine the effect of metal ions on enzyme activity, VceA 
298 (1–5 µg protein/mL) was incubated with 100 µM VAA and 1 mM acetyl-CoA in the 
299 presence and absence of 100 µM ZnCl2, FeCl2·4H2O, MgCl2·6H2O, MnCl2·4H2O, 
300 CaCl2·2H2O, CuSO4·5H2O, CoSO4·7H2O, and Na2MoO4·2H2O for 3 min at 30°C. To 
301 examine CoA donor specificity, VceA (1–50 µg protein/mL) was incubated with 
302 100 µM VAA and 100 µM CoSO4·7H2O in the presence and absence of 1 mM CoA, 
303 acetyl-CoA, propionyl-CoA, butyryl-CoA, malonyl-CoA, acetoacetyl-CoA, succinyl-
304 CoA, and benzoyl-CoA. The optimum pH was determined from a pH range from 5.0 to 
305 9.0 using 50 mM GTA buffer (50 mM 3,3-dimethylglutaric acid, 50 mM Tris, and 
306 50 mM 2-amino-2-methyl-1,3-propanediol) at 30°C. The optimum temperature was 
307 determined from a temperature range from 10°C to 70°C using Buffer A. To determine 
308 the substrate range, 100 µM VAA, SAA, ferulate, sinapate, p-coumarate, cinnamate, 
309 caffeate, 3-(4-hydroxy-3-methoxyphenyl)propionate, homovanillate, vanillylmandelate, 
310 and vanillate were used for the reaction, and the conversion of substrates and generation 
311 of reaction products were analyzed using HPLC–MS.
312
313 2.12. Enzyme activity of VceB
314 Crude VceB was prepared from E. coli harboring pET12450 as described above. 
315 Purified VceA (1 µg protein/mL) and crude VceB (5 µg protein/mL) were incubated 
316 with 100 µM VAA or SAA, 100 µM CoSO4·7H2O, and 1 mM acetyl-CoA in Buffer A 
317 for 30 min at 30°C. The reaction mixtures were analyzed using HPLC. Purified VceA 
318 (10 µg protein/mL) and cell extract of SYK-6 or ∆1245 (20 µg protein/mL) were 
319 incubated with 100 µM VAA or SAA, 100 µM CoSO4·7H2O, and 1 mM acetyl-CoA in 
320 Buffer A for 60 min at 30°C. Portions of the reaction mixtures were collected at various 
321 sampling time points and analyzed using HPLC.
322
323 2.13. PDC production from HPV
324 Each gene fragment carrying hpvZ, SLG_20400, vceA, and vceB was amplified by PCR 
325 using SYK-6 total DNA and the primer pairs listed in Table S2. Upstream sequences 
326 containing a ribosome-binding site of each gene were designed using the RBS 
327 calculator ver. 2.0 (https://salislab.net/software/forward) (Salis et al., 2009) to maximize 
328 the translation rate and were included in the primer sequences. The resulting fragments 
329 were cloned into the BamHI site of pJB866 by In-Fusion Cloning to generate pJHV01. 
330 pJHV01 or pJB866 was introduced into P. putida PpY1100 cells harboring pDVZ21 
331 [PpY1100(pDVZ21)] by electroporation or triparental mating. Cells of 
332 PpY1100(pJB866-pDVZ21) and PpY1100(pJHV01-pDVZ21) were then grown in LB 
333 containing kanamycin and tetracycline for 12 h. The cells were harvested by 
334 centrifugation at 5,000 ×g for 5 min, washed twice with Wx medium, and resuspended 
335 in 5 mL of the same medium. The cells were then inoculated into 5 mL of Wx medium 
336 containing 20 mM glucose, 1 mM, 2 mM, or 5 mM HPV, 1 mM m-toluate, kanamycin, 
337 and tetracycline to an OD600 of 0.2 and incubated with shaking for 30 h at 30°C. Cell 
338 growth was measured by OD600. Portions of the cultures were periodically collected, 
339 and the reactions were stopped by centrifugation. The resultant supernatants were 
340 diluted, filtered, and analyzed using HPLC. 
341 3. Results and Discussion
342
343 3.1. Detection of VAA-converting enzyme activity in Sphingobium sp. SYK-6
344 In a previous study, our findings suggested that VAA was converted into vanillate 
345 through activation of VAA by CoA in SYK-6 (Higuchi et al., 2018). To characterize the 
346 enzymes involved in the catabolism of VAA in SYK-6, the cofactor requirements and 
347 induction profiles of VAA-converting activities in SYK-6 were examined. The extract 
348 of SYK-6 cells grown in LB was incubated with 100 µM VAA in the presence of 1 mM 
349 CoA + 1.25 mM ATP + 1.25 mM MgSO4, 1 mM acetyl-CoA, or 1 mM succinyl-CoA. 
350 HPLC analyses of the reaction mixtures indicated that VAA was converted into 
351 vanillate in the presence of each cofactor but not without the cofactors (Fig. 2A). The 
352 specific activity in the presence of acetyl-CoA (35 ± 3 nmol·min−1·mg−1) was 4.1- and 
353 11-fold higher than those obtained in the presence of CoA + ATP + Mg2+ and succinyl-
354 CoA, respectively (Fig. 2A). These results suggest the involvement of a CoA-dependent 
355 enzyme, in particular an acetyl-CoA-dependent enzyme, in VAA catabolism.
356 To examine the inducibility of the VAA-converting enzyme in SYK-6, resting cells 
357 of SYK-6 grown in Wx-SEMP, Wx-SEMP + GGE, or Wx-SEMP + HPV were 
358 incubated with 100 µM VAA for 6 h. The conversion rates of cells grown with and 
359 without GGE were almost identical, although the rate of cells grown with HPV was 
360 slightly lower than that of cells grown without HPV (Fig. S1). Therefore, it appears that 
361 the gene(s) responsible for the conversion of VAA are not induced during GGE 
362 degradation.
363
364 3.2. Isolation of genes involved in the conversion of VAA
365 A cosmid library of SYK-6 constructed in S. japonicum UT26S was screened for clones 
366 capable of converting VAA. Among the 330 clones tested, seven transconjugants 
367 converted VAA into vanillate at 48 h (Fig. S2). The generation of vanillate suggests that 
368 VAA was subjected to Cα-Cβ cleavage. Two cosmid clones, pVA17 and pVA116, 
369 were isolated from the transconjugants (No. 17 and No. 116), and the nucleotide 
370 sequences of the SalI fragments of pVA17 and pVA116 were determined. This analysis 
371 showed that both clones contained SLG_24820, which exhibits 31% amino acid 
372 sequence identity with the 3-keto-5-aminohexanoate cleavage enzyme (Kce) from 
373 Candidatus Cloacamonas acidaminovorans (Bellinzoni et al., 2011). Kce is known to 
374 catalyze the reversible condensation reaction between 3-keto-5-aminohexanoate and 
375 acetyl-CoA to form 3-aminobutyryl-CoA and acetoacetate in the lysine fermentation 
376 pathway of Clostridium SB4, Brevibacterium sp. L5, and Fusobacterium nucleatum 
377 (Fig. S3A) (Barker et al., 1980; Barker et al., 1982; Bellinzoni et al., 2011; Kreimeyer et 
378 al., 2007; Yorifuji et al., 1977). A BLAST search of the SYK-6 genome database 
379 revealed the presence of three genes (SLG_12200, SLG_12450, and SLG_24960), thus 
380 showing 26%–28% amino acid sequence identity with SLG_24820. To clarify whether 
381 each cosmid contains SLG_24820 or its homolog, PCR was performed using primers 
382 specifically amplifying the abovementioned four genes. The results showed that 
383 SLG_24820 was amplified when pVA17 and pVA116 were used as templates, whereas 
384 SLG_24960 was amplified from other cosmids (data not shown). These results suggest 
385 the involvement of SLG_24820 and/or SLG_24960 in the conversion of VAA.
386
387 3.3. Gene products of SLG_24820 and SLG_24960 catalyze Cα-Cβ cleavage of VAA
388 To examine whether the gene products of SLG_24820 and SLG_24960 have the ability 
389 to convert VAA, SLG_24820 and SLG_24960 fused with a His tag at the 5′ terminus 
390 were expressed in E. coli. SDS-PAGE showed the production of a 34-kDa protein in 
391 each cell extract of E. coli(pET24820) and E. coli(pET24960) (Fig. S4). Cell extracts of 
392 these E. coli transformants were incubated with 100 µM VAA in the presence of 1 mM 
393 acetyl-CoA to identify the reaction products. HPLC–MS analysis showed that the cell 
394 extract of E. coli(pET24960) converted VAA into vanillate (retention time: 2.4 min) 
395 and Compound I (3.1 min) after 10 min of incubation (Fig. 3A and B). Negative ESI–
396 MS analysis of Compound I showed fragments at m/z 916 ([M − H]−) and 458 ([M − 
397 2H]2−). Based on the molecular weight deduced from the fragment ions, Compound I 
398 was identified as vanilloyl-CoA (MW: 917.67) (Fig. 3C and F). Conversely, the cell 
399 extract of E. coli(pET24820) converted VAA into vanillate after 2 h of incubation (Fig. 
400 3D and E). These results suggest that SLG_24960 and SLG_24820 catalyze the Cα-Cβ 
401 cleavage of VAA with the addition of CoA. The resulting vanilloyl-CoA appears to 
402 have been converted into vanillate by enzyme activity derived from the host strain.
403
404 3.4. Disruption of SLG_24820 and SLG_24960 in SYK-6
405 To examine whether SLG_24820 and SLG_24960 are indeed involved in the
406 conversion of VAA and SAA in SYK-6, SLG_24820 (∆2482) and SLG_24960 (∆2496) 
407 mutants were created (Fig. S5). The ability of ∆2482 and ∆2496 to convert 100 µM 
408 VAA and SAA was assessed using resting cells. The results showed that both mutant 
409 cells converted VAA and SAA comparably to the wild type (Fig. S6). Subsequently, 
410 cell extracts of both mutants were incubated with 100 µM VAA and SAA, respectively, 
411 in the presence of 1 mM CoA + 1.25 mM ATP + 1.25 mM MgSO4, 1 mM acetyl-CoA, 
412 or 1 mM succinyl-CoA. The ∆2482 cell extract showed activity toward VAA and SAA 
413 comparable to that of the wild type in the presence of each cofactor (Fig. 2A and B). 
414 Conversely, the VAA conversion activity by the ∆2496 cell extract was significantly 
415 decreased in the presence of CoA + ATP + Mg2+ (44% of the activity of the wild type) 
416 and acetyl-CoA (22% of the activity of the wild type) and was almost lost with 
417 succinyl-CoA (Fig. 2A). When SAA was used as a substrate, no conversion was 
418 observed in the presence of any cofactor (Fig. 2B). To determine whether this activity 
419 defect was due to the disruption of SLG_24960, pQF carrying SLG_24960 (pQF24960) 
420 was introduced into ∆2496 cells. The VAA conversion activity of the cell extract of 
421 ∆2496(pQF24960) increased 6- and 113-fold over the vector-control strain in the 
422 presence of CoA + ATP + Mg2+ and acetyl-CoA, respectively, and the activity was also 
423 observed in the presence of succinyl-CoA (Fig. 2C). Given these results, it was 
424 concluded that SLG_24960 and SLG_24820 are not required for VAA and SAA 
425 catabolism in SYK-6. In addition, the cell extract of ∆2496 showed no activity toward 
426 SAA even in the presence of acetyl-CoA, although its activity toward VAA remained. 
427 This suggests that another CoA-dependent enzyme with low activity but high specificity 
428 for VAA is present in SYK-6.
429 Here we found that SYK-6 has an extra VAA-converting enzyme gene 
430 (SLG_24960), which may be useful for designing a VAA conversion pathway. 
431 Considering that the gene product of SLG_24960 may convert VAA into vanilloyl-CoA, 
432 it may be possible to convert VAA into vanillate by expressing the vanilloyl-CoA 
433 thioesterase gene in addition to SLG_24960. Furthermore, a microbial cell factory that 
434 converts HPV obtained from lignin into PDC can be established if SLG_24960 and the 
435 vanilloyl-CoA thioesterase gene are coexpressed in a host microbe with the enzyme 
436 genes necessary for the conversion of HPV into VAA and of vanillate into PDC. 
437 Therefore, we designated SLG_24960 as vceA and investigated the enzymatic properties 
438 of the gene product.
439
440 3.5. Identification of the reaction product of VceA
441 VceA was purified to near homogeneity by Ni affinity chromatography from the cell 
442 extract of E. coli expressing His-tagged vceA (Fig. S4). Purified VceA was incubated 
443 with 100 µM VAA in the presence of 200 µM acetyl-CoA for 30 min. HPLC analysis of 
444 the reaction mixture showed that VceA converted VAA into vanilloyl-CoA without 
445 generating vanillate (Fig. S7B). Similarly, VceA converted SAA into syringoyl-CoA 
446 (Fig. S7D–F). Thus, VceA was confirmed to catalyze the conversion of VAA and SAA 
447 into vanilloyl-CoA and syringoyl-CoA, respectively. Three-dimensional structure 
448 analysis of Kce from Candidatus Cloacamonas acidaminovorans indicated that His46, 
449 His48, and Glu230 are responsible for the coordination of the metal ion and that the 
450 Asp231–Arg226 charge-relay dyad is involved in the abstraction of the pro-S proton 
451 from C2 of 3-keto-5-aminohexanoate (Fig. S3B) (Bellinzoni et al., 2011). Kce catalyzes 
452 the condensation reaction between 3-keto-5-aminohexanoate and acetyl-CoA by a Zn2+-
453 dependent Claisen-like mechanism to generate 3-aminobutyryl-CoA and acetoacetate 
454 (Heath and Rock, 2002). All these residues are conserved in VceA (Fig. S8), which is 
455 likely to convert VAA and SAA by a mechanism similar to that for Kce.
456
457 3.6. Enzyme properties of VceA
458 To examine the metal ion dependency of VceA, VceA was treated with 500 µM EDTA. 
459 The specific activity of EDTA-treated VceA was reduced to approximately 50% (0.9 ± 
460 0.2 µmol⋅min−1⋅mg−1) of the specific activity of untreated enzyme (2.0 ± 
461 0.1 µmol⋅min−1⋅mg−1). The effects of metal ions [Zn2+, Fe2+, Mg2+, Mn2+, Ca2+, Cu2+, 
462 Co2+, and Mo2+ (100 µM)] on enzyme activity were evaluated. The specific activities of 
463 VceA in the presence of Mn2+ and Co2+ were 4.8- and 8.7-fold higher than that of the 
464 control, respectively; however, the addition of other metal ions, including Zn2+, which is 
465 the important metal ion for Kce, had no effect on enzyme activity (Table S3). These 
466 results suggest that VceA requires Co2+ or Mn2+ for its activity, which differs from Kce 
467 that requires Zn2+.
468 To examine the CoA donor specificity of VceA, VceA was incubated with VAA in 
469 the presence of 1 mM CoA, acetyl-CoA, propionyl-CoA, butyryl-CoA, malonyl-CoA, 
470 acetoacetyl-CoA, succinyl-CoA, and benzoyl-CoA (Table S4). The highest activity 
471 (100%) was obtained in the presence of acetyl-CoA, whereas 33% activity was 
472 observed with propionyl-CoA. The activity was less than 1% in the presence of the 
473 other CoA donor. These results indicate that VceA is highly specific to acetyl-CoA. 
474 Vanilloyl-CoA was produced in each reaction regardless of the CoA donor. When using 
475 cell extracts of SYK-6, VAA conversions were observed in the presence of CoA + ATP 
476 + Mg2+ and succinyl-CoA (Fig. 2A), although VceA is unable to utilize these cofactors. 
477 The SYK-6 enzyme activities for VAA in the presence of CoA and succinyl-CoA 
478 appear to be the sum of activities of the abovementioned unidentified CoA-dependent 
479 enzyme and VceA. In SYK-6 cell extracts, endogenous enzymes may produce a certain 
480 amount of acetyl-CoA that is necessary for VceA using CoA and succinyl-CoA.
481 The optimum pH and temperature for VceA activity were determined to be 7.5–8.0 
482 and 50°C, respectively (Fig. S9). The substrate range of VceA was examined using 
483 100 µM VAA, SAA, ferulate, sinapate, p-coumarate, cinnamate, caffeate, 3-(4-hydroxy-
484 3-methoxyphenyl)propionate, homovanillate, vanillylmandelate, and vanillate (Fig. 
485 S10). VceA showed activity only toward VAA (17.4 ± 3.8 µmol⋅min−1⋅mg−1) and SAA 
486 (7.6 ± 0.2 µmol⋅min−1⋅mg−1). These results suggest that C6-C3 α-keto acids are 
487 substrates for VceA. VceA comprises a DUF849 domain, which is conserved in Kce. 
488 Bastard et al. examined the enzyme activity of 124 DUF849-containing proteins 
489 extracted from genomic and protein databases toward 17 β-keto acid substrates (Bastard 
490 et al., 2014). Although an analog of VAA (4-hydroxy-benzoylacetate) was included in 
491 the substrates, none of the proteins showed substantial activity toward this substrate.
492
493 3.7. Identification of the vanilloyl-CoA/syringoyl-CoA thioesterase gene in SYK-6
494 The vanilloyl-CoA/syringoyl-CoA thioesterase gene is necessary for the conversion of 
495 vanilloyl-CoA/syringoyl-CoA into vanillate/syringate. However, to the best of our 
496 knowledge, there is no report on this gene. Conversely, 4-hydroxybenzoyl-CoA 
497 thioesterases of the Pseudomonas sp. strain CBS3 (C42560) and Arthrobacter sp. strain 
498 SU (FcbC) have been reported (Chang et al., 1992; Scholten et al., 1991; Song et al., 
499 2012; Song et al., 2007; Zhuang et al., 2003). Because SYK-6 can convert vanilloyl-
500 CoA and syringoyl-CoA (data not shown), we hypothesized that this strain has enzyme 
501 genes similar to C42560 or fcbC. BLAST searches of the SYK-6 genome database 
502 revealed the presence of SLG_12450, which shows 29% amino acid sequence identity 
503 with C42560, although no fcbC homolog was present. Therefore, SLG_12450 fused 
504 with a His tag at the 5′ terminus was expressed in E. coli. SDS-PAGE showed the 
505 production of a 19-kDa protein in E. coli cells harboring pET12450 (Fig. S11). 
506 Incubation of 100 µM VAA with VceA and a cell extract of E. coli harboring a vector 
507 (pET-16b) in the presence of 1 mM acetyl-CoA for 30 min generated vanilloyl-CoA 
508 (Fig. 4A and B). Conversely, when VAA was incubated with VceA and a cell extract of 
509 E. coli(pET12450), VAA was completely converted into vanillate (Fig. 4C). When 
510 SAA was used as a substrate, SAA was also completely converted into syringate (Fig. 
511 4D–F). These results indicate that SLG_12450 encodes vanilloyl-CoA/syringoyl-CoA 
512 thioesterase, and therefore, we designated this gene as vceB.
513 To examine whether vceB is involved in the conversion of vanilloyl-CoA and 
514 syringoyl-CoA in SYK-6, a vceB mutant (∆1245) was created (Fig. S5). When 100 µM 
515 VAA or SAA was incubated with VceA and an SYK-6 cell extract in the presence of 
516 1 mM acetyl-CoA for 60 min, the substrates were almost completely converted into 
517 vanillate and syringate, respectively (Fig. S12). However, only a small amount of 
518 vanillate or syringate was generated after 60 min when VAA or SAA was incubated 
519 with VceA and a ∆1245 cell extract, indicating that vceB is the major gene responsible 
520 for the conversion of vanilloyl-CoA and syringoyl-CoA in SYK-6.
521
522 3.8. PDC production from HPV by engineered P. putida
523 In our previous study, we demonstrated PDC production from vanillate and syringate 
524 using P. putida PpY1100 cells harboring pDVZ21, which comprises the vanillate O-
525 demethylase gene (vanAB) of P. putida PpY101, the protocatechuate 4,5-dioxygenase 
526 gene (ligAB) of SYK-6, and the 4-carboxy-2-hydroxymuconate-6-semialdehyde 
527 dehydrogenase gene (ligC) of SYK-6 in pKT230MC (Otsuka et al., 2006; Qian et al., 
528 2016). In the present study, we constructed pJHV01, which carries the HPV/HPS 
529 oxidase gene (hpvZ), the VAL dehydrogenase gene (SLG_20400), vceA, and vceB 
530 under the control of the same Pm promoter in pJB866 (Fig. 5A). PDC production from 
531 HPV using PpY1100 cells harboring pDVZ21 plus pJHV01 was then evaluated. When 
532 PpY1100 cells harboring pDVZ21 plus pJB866 (vector) were grown in 20 mM glucose 
533 in the presence of 1 mM HPV, no conversion of HPV occurred even after 30 h (Fig. 
534 5B). Conversely, PpY1100(pJHV01-pDVZ21) cells completely converted HPV into 
535 PDC after 24 h (Fig. 5C). These results demonstrate that vceA and vceB are useful for 
536 the production of value-added intermediate metabolites, such as PDC from HPV via 
537 vanillate (Fig. 1). However, when 2 mM HPV was converted by PpY1100(pJHV01-
538 pDVZ21) cells, approximately 0.3 mM vanillate was accumulated after 72 h, although 
539 ca.1.4 mM PDC (70% yield) was obtained. In addition, no HPV conversion was 
540 observed when using 5 mM HPV. Therefore, fermentation engineering, including fed-
541 batch, continuous, and high-cell-density cultures, is necessary to improve PDC 
542 productivity.
543
544
545 4. Conclusions
546
547 To establish microbial conversion of HPV into PDC, we identified and characterized the 
548 novel SYK-6 genes vceA and vceB, which encode an acetyl-CoA-dependent VAA/SAA-
549 converting enzyme and a vanilloyl-CoA/syringoyl-CoA thioesterase, respectively. Using 
550 these genes in combination with previously identified genes for converting HPV into 
551 VAA (Higuchi et al., 2018) and genes utilized for the production of PDC from vanillate 
552 (Otsuka et al., 2006; Qian et al., 2016), we successfully achieved the microbial conversion 
553 of HPV derived from guaiacyl lignin into PDC. The HPV conversion system developed 
554 here is likely to be applicable in PDC production from HPS derived from syringyl lignin 
555 (Fig. 1) (Qian et al., 2016). Given that HPV and HPS can be specifically obtained from 
556 lignin by a chemical lignin depolymerization method developed by Lancefield et al., 
557 combining this method with the microbial conversion established here will enable PDC 
558 production from lignin (Lancefield et al., 2015). Nevertheless, the total yield of HPV and 
559 HPS from the poplar ammonia lignin was only 5.3% (Lancefield et al., 2016); therefore it 
560 is necessary to improve HPV and HPS yields and establish a recycling method of organic 
561 solvent and a catalyst in future. In addition, our results suggest that enzyme genes that are 
562 not required for the catabolic pathway in microorganisms but can be used for the 
563 conversion of target substrates are buried in microbial genomes. These genes appear to 
564 have applications in the design of metabolic pathways to produce value-added 
565 metabolites, and this approach will expand the variation of microbial conversion. We are 
566 currently identifying the genes that play a major role in the catabolism of VAA and SAA.
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750 Figure Legends
751
752 Fig. 1. Catabolic pathway of arylglycerol-β-aryl ether in Sphingobium sp. strain 
753 SYK-6 and the engineered pathway for production of PDC from HPV. The 
754 pathways for both guaiacyl (R = H)- and syringyl (R = OCH3)-type β-aryl ether 
755 compounds are shown. The major pathway for the conversion of VAA into vanillate has 
756 not been identified. To construct an engineered strain capable of converting HPV into 
757 PDC, we employed the SYK-6 genes vceA and vceB, whose products convert VAA into 
758 vanilloyl-CoA and vanilloyl-CoA into vanillate, respectively. Enzyme genes for 
759 converting HPV into vanillate in pJHV01 (Fig. 5, Table S1) are shown in magenta. 
760 Enzyme genes for converting vanillate into PDC in pDVZ21 (Fig. 5, Table S1) are 
761 shown in green. Enzymes: LigD, LigL, and LigN, Cα-dehydrogenases; LigF, LigE, and 
762 LigP, β-etherases; LigG, glutathione S-transferase; HpvZ, HPV/HPS oxidase; ALDHs, 
763 aldehyde dehydrogenases; SLG_20400, VAL dehydrogenase; VceA, VAA/SAA-
764 converting enzyme; VceB, vanilloyl-CoA/syringoyl-CoA thioesterase; LigM, 
765 vanillate/3-O-methylgallate O-demethylase; VanA and VanB, oxygenase and reductase 
766 components of vanillate O-demethylase; DesA, syringate O-demethylase; LigA and 
767 LigB, small and large subunits of protocatechuate 4,5-dioxygenase; LigC, CHMS 
768 dehydrogenase; DesZ, 3-O-methylgallate 3,4-dioxygenase. Abbreviations. GGE, 
769 guaiacylglycerol-β-guaiacyl ether; MPHPV, α-(2-methoxyphenoxy)-β-
770 hydroxypropiovanillone; GS−, reduced glutathione; GSSG, oxidized glutathione; GS-
771 HPV, α-glutathionyl-β-hydroxypropiovanillone; HPV, β-hydroxypropiovanillone; HPS, 
772 β-hydroxypropiosyringone; VAL, vanilloyl acetaldehyde; SAL, 3-(4-hydroxy-3,5-
773 dimethoxyphenyl)-3-oxopropanal; VAA, vanilloyl acetic acid; SAA, 3-(4-hydroxy-3,5-
774 dimethoxyphenyl)-3-oxopropanoic acid; CoA, coenzyme A; CHMS, 4-carboxy-2-
775 hydroxymuconate-6-semialdehyde; PDC, 2-pyrone-4,6-dicarboxylate.
776
777 Fig. 2. Characterization of SLG_24820 and SLG_24960 mutants. Enzyme activities 
778 of cell extracts of SYK-6, SLG_24820 mutant (∆2482), and SLG_24960 mutant 
779 (∆2496) toward VAA (A) and SAA (B). Cell extracts of SYK-6, ∆2482, and ∆2496 
780 [200–1,000 µg protein/mL] were incubated with 100 µM VAA or SAA in the presence 
781 and absence of CoA [1 mM CoA + 1 mM ATP + 1.25 mM MgSO4 (gray)], Ac-CoA 
782 [1 mM acetyl-CoA (white)], or Suc-CoA [1 mM succinyl-CoA (black)]. (C) 
783 Complementation of ∆2496 with pQF24960 carrying SLG_24960. Cell extracts of 
784 SYK-6(pQF), ∆2496(pQF), or ∆2496(pQF24960) [2–1,000 µg protein/mL] were 
785 incubated with VAA, respectively, in the presence of CoA, Ac-CoA, or Suc-CoA. All 
786 experiments were performed in triplicate, and each value represents the mean ± standard 
787 deviation. Asterisks indicate enzyme activity < 1.0 nmol·min−1·mg−1.
788
789 Fig. 3. Conversion of VAA by the cell extract of E. coli carrying SLG_24820 or 
790 SLG_24960. VAA (100 µM) was incubated with the cell extracts of E. coli harboring 
791 each of pET24960 (100 µg protein/mL; A and B) and pCold24820 (800 µg protein/mL; 
792 D, E) in the presence of 1 mM acetyl-CoA. Portions of the reaction mixtures were 
793 collected at the start (A and D), after 10 min (B), and after 2 h (E) of incubation and 
794 analyzed by HPLC–MS. The ESI–MS spectrum of Compound I (negative mode) is 
795 shown (C). (F) Chemical structure of Compound I (vanilloyl-CoA).
796
797 Fig. 4. Conversions of vanilloyl-CoA and syringoyl-CoA by the cell extract of E. 
798 coli carrying SLG_12450. VAA (100 µM; A and B) and SAA (100 µM; D and E) were 
799 incubated with VceA (1 µg protein/mL) plus a cell extract of E. coli BL21(DE3) 
800 harboring pET-16b (5 µg protein/mL). VAA and SAA (100 µM; C and F) were 
801 incubated with VceA (1 µg protein/mL) plus a cell extract of E. coli BL21(DE3) 
802 harboring pET12450 (5 µg protein/mL), respectively. Reactions were performed in the 
803 presence of 100 µM CoSO4 and 1 mM acetyl-CoA. Portions of the reaction mixtures 
804 were collected at the start (A and D) and after 30 min (B, C, E, and F) of incubation and 
805 analyzed by HPLC.
806
807 Fig. 5. Production of PDC from HPV by the engineered metabolic pathway 
808 constructed in P. putida. (A) Schematic representations of the P. putida PpY1100 
809 recombinant strains, which contain pJB866 (vector) plus pDVZ21 or pJHV01 plus 
810 pDVZ21. Genes: hpvZ, HPV/HPS oxidase gene; SLG_20400, VAL dehydrogenase 
811 gene; vceA, VAA/SAA-converting enzyme gene; vceB, vanilloyl-CoA/syringoyl-CoA 
812 thioesterase gene; vanA and vanB, oxygenase and reductase component genes of 
813 vanillate O-demethylase; ligA and ligB, small and large subunit genes of 
814 protocatechuate 4,5-dioxygenase; ligC, CHMS dehydrogenase gene. (B) Conversion of 
815 1 mM HPV by PpY1100(pJB866-pDVZ21) cells during growth in Wx medium 
816 containing 20 mM glucose. (C) Conversion of 1 mM HPV by PpY1100(pJHV01-
817 pDVZ21) cells during growth in Wx medium containing 20 mM glucose. The 
818 concentrations of HPV (magenta), VAA (orange), vanillate (green), and PDC (cyan) 
819 were periodically measured by HPLC. Cell growth was measured by the OD600 (black). 
820 All experiments were performed in triplicate, and each value represents the mean ± 
821 standard deviation.
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Table S1. Strains and plasmids used in this study 
 
aNalr, Smr, Kmr, Tcr, and Apr, resistance to nalidixic acid, streptomycin, kanamycin, tetracycline, and ampicillin, respectively.  
Strain or plasmid Relevant characteristic(s)a Reference or source 
Strains 
Sphingobium sp. 
SYK-6 
D2482 
D2496 
D1245 
 
Sphingobium japonicum 
UT26S 
 
Pseudomonas putida 
PpY1100 
 
Escherichia coli 
BL21(DE3) 
 
HB101 
NEB 10-beta 
 
 
Plasmids 
pVK100 
pRK2013 
pBluescript II KS(+) 
pET-16b 
pCold I 
pAK405 
pQF 
pJB866 
pCold12830 
pT21-2040 
pDVZ21 
pVA17 
pVA116 
pET24820 
pET24960 
pET12450 
pCold24820 
pAK24820 
pAK24960 
pAK12450 
pQF24960 
pJHV01 
 
 
Wild type; Nalr Smr 
SYK-6 derivative; DSLG_24820; Nalr Smr 
SYK-6 derivative; DSLG_24960; Nalr Smr 
SYK-6 derivative; DSLG_12450; Nalr Smr 
 
 
Nalr 
 
 
Nalr Smr 
 
 
F– ompT hsdSB(rB– mB–) gal dcm (DE3); T7 RNA polymerase gene under the control of the lacUV5 
promoter 
recA13 supE44 hsd20 ara-14 proA2 lacY1 galK2 rpsL20 xyl-5 mtl-1 
D(ara-leu) 7697 araD139 fhuA DlacX74 galK16 galE15 e14- ϕ80DlacZΔM15 recA1 relA1 endA1 
nupG rpsL (Smr) rph spoT1 D(mrr-hsdRMS-mcrBC) 
 
 
Broad-host-range cosmid vector; Kmr Tcr 
Tra+ Mob+ ColE1 replicon; Kmr 
Cloning vector; Apr 
Expression vector; T7 promoter, Apr 
Expression vector; cspA promoter, Apr 
Plasmid for allelic exchange and markerless gene deletions in Sphingomonads; Kmr 
Expression vector; PQ5 high-GC-content codon-optimized cymR, Tcr 
RK2 broad-host-range expression vector; Pm xylS, Tcr 
pCold I with a 1.7-kb NdeI-BamHI fragment carrying hpvZ 
pET-21a(+) with a 1.5-kb NdeI-BamHI fragment carrying SLG_20400 
pKT230MC carrying ligABC and vanAB from SYK-6 and P. putida PpY101, respectively 
pVK100 with partially SalI-digested fragments of SYK-6 carrying SLG_24820 
pVK100 with partially SalI-digested fragments of SYK-6 carrying SLG_24820 
pET-16b with a 0.9-kb NdeI-BamHI PCR amplified fragment carrying SLG_24820 
pET-16b with a 0.9-kb NdeI-BamHI PCR amplified fragment carrying vceA 
pET-16b with a 0.5-kb NdeI-BamHI PCR amplified fragment carrying vceB 
pCold I with a 0.9-kb NdeI-BamHI fragment carrying SLG_24820 from pET24820 
pAK405 with a 2.1-kb deletion cassette carrying up- and downstream regions of SLG_24820 
pAK405 with a 2.3-kb deletion cassette carrying up- and downstream regions of vceA 
pAK405 with a 2.1-kb deletion cassette carrying up- and downstream regions of vceB 
pQF with a 0.9-kb HindIII-EcoRI PCR amplified fragment carrying vceA 
pJB866 with a 4.6-kb BamHI PCR amplified fragment carrying hpvZ, SLG_20400, vceA, and vceB 
 
 
(Katayama et al., 1987) 
This study 
This study 
This study 
 
 
(Senoo and Wada, 1989) 
 
 
(Katayama et al., 1987) 
 
 
(Studier and Moffatt, 1986) 
 
(Bolivar and Backman, 1979) 
New England Biolabs 
 
 
 
(Ditta et al., 1980) 
(Figurski and Helinski, 1979) 
(Short et al., 1988) 
Novagen 
Takara Bio 
(Kaczmarczyk et al., 2012) 
(Kaczmarczyk et al., 2013) 
(Blatny et al., 1997) 
(Higuchi et al., 2018) 
(Kamimura et al., 2017) 
(Qian et al., 2016) 
This study 
This study 
This study 
This study 
This study 
This study 
This study 
This study 
This study 
This study 
This study 
  2
Table S2. Primers used in this study 
Gene, plasmid, or strain Primer Sequence (5¢ to 3¢) 
Amplification of vceA and 
its homologs 
SLG_12200 
 
SLG_14250 
 
SLG_24820 
 
SLG_24960 (vceA) 
 
 
Construction of plasmids 
pET24820 
 
pET24960 
 
pET12450 
 
pAK24820 
 
 
 
pAK24960 
 
 
 
pAK12450 
 
 
 
pQF24960 
 
pJHV01 
 
 
 
 
 
 
 
 
 
 
 
 
 
12200_amp_F 
12200_amp_R 
14250_amp_F 
14250_amp_R 
24820_exp_F 
24820_exp_R 
24960_exp_F 
24960_exp_R 
 
 
24820_exp_F 
24820_exp_R 
24960_exp_F 
24960_exp_R 
12450_exp_F 
12450_exp_R 
dis24820_top_F 
dis24820_top_R 
dis24820_bot_F 
dis24820_bot_R 
dis24960_top_F 
dis24960_top_R 
dis24960_bot_F 
dis24960_bot_R 
dis12450_top_F 
dis12450_top_R 
dis12450_bot_F 
dis12450_bot_R 
pQF24960_F 
pQF24960_R 
pJHV01_12830_F 
 
pJHV01_12830_R 
pJHV01_20400_F 
 
pJHV01_20400_R 
pJHV01_24960_F  
 
 
pJHV01_24960_R 
 
 
 
 
TCGAAGGTCGTCATATGCGCCGCTCGAAGAAA  
GTTAGCAGCCGGATCCTCAGAAGCCGACGCGGTC 
TCGAAGGTCGTCATATGCTCGCTGGGAATAAGA 
GTTAGCAGCCGGATCCTCAGGCCGCCTTGAGCCC 
TCGAAGGTCGTCATATGAGCAATCGCCGCATG 
GTTAGCAGCCGGATCCTCAGACCGGATTCAGGCC 
TCGAAGGTCGTCATATGGCCAAGACCTTCATCA 
GTTAGCAGCCGGATCCTCAGCCCTTGAGGCCGAG 
 
 
TCGAAGGTCGTCATATGAGCAATCGCCGCATG 
GTTAGCAGCCGGATCCTCAGACCGGATTCAGGCC 
TCGAAGGTCGTCATATGGCCAAGACCTTCATCA 
GTTAGCAGCCGGATCCTCAGCCCTTGAGGCCGAG 
TCGAAGGTCGTCATATGACCGACGAGCCGCGC 
GTTAGCAGCCGGATCCTCAGGCAGCGGAGCCGAA 
CGGTACCCGGGGATCAGCGGTTGAAGGAGATCGGC 
GCTTCTCTCCTGACTGCGTA 
TACGCAGTCAGGAGAGAAGCGGATGCCCCTCCCCGCCGGA 
CGACTCTAGAGGATCGTCGAGGAGAGGACGAAGCC 
CGGTACCCGGGGATCCGATGACTGGGATCGTGCCT 
GTTATCGCTCTCCTGTGATT 
AATCACAGGAGAGCGATAACGCGACGGCGCATTGCCGGGA 
CGACTCTAGAGGATCGGACGGCAAGCCATATAGTG 
CGGTACCCGGGGATCTATCGACCTTTACTACATGC 
GGGGCGAAATCCAGTCCGCC 
GGCGGACTGGATTTCGCCCCGACCGATGGCGCGGGACCAG 
CGACTCTAGAGGATCGATACCGAAATTGAGGCTGA 
CTAGTAGAGGAAGCTATGGCCAAGACCTTCATCAC 
TCACTTCACCGGATCTCAGCCCTTGAGGCCGAGCA 
TGACGTCACCATGGGAAGCTTCGTGACGCACAAGACAAAATTT
AAGGAGGTATATTGTAAATGGTTGATGTCAGAACGGT 
TCAGGCGGGCGCCAGTTCCT 
CGCGAAGGAACTGGCGCCCGCCTGAGCAGGCGCCTACACATT
ATTAAGGAGGTATTTTTATGACCAGCTCCACGCAGAA 
TCAGGCGGCAGCGTGCTGAT 
CCTGCATCAGCACGCTGCCGCCTGACTCATCCGCGGGCTACCA
ATTACGTTCACAAGCGTAACCACAATATTTAAGGAGGATTTTT
TTATGGCCAAGACCTTCATCAC 
TCAGCCCTTGAGGCCGAGCA 
  3
 
 
 
 
 
 
Colony PCR 
D2482 
 
D2496 
 
D1245 
 
pJHV01_12450_F 
 
 
pJHV01_12450_R 
 
 
 
dis24820_conf_F 
dis24820_bot_R 
dis24960_conf_F 
dis24960_bot_R 
dis12450_conf_F 
dis12450_bot_R 
CGAGATGCTCGGCCTCAAGGGCTGATCGGTAAGCCGTCTCGCG
CCTGGGGTAAAACGAACCCAATAAGGAGGTTTTTTTTATGACC
GACGAGCCGCGCGC 
TCGAGGAATTCCTGCAGGATATCTGTCAGGCAGCGGAGCCGA
ACA 
 
 
ATCCACCAGCAGATCCTCGT 
CGACTCTAGAGGATCGTCGAGGAGAGGACGAAGCC 
TATCACATGGCGATGCAGGC 
CGACTCTAGAGGATCGGACGGCAAGCCATATAGTG 
TCATCTGGCGAGCAAGTGCG 
CGACTCTAGAGGATCGATACCGAAATTGAGGCTGA 
  4
Table S3. Metal ion dependency of VceA 
Metal ion Specific activity
a 
(µmol·min–1·mg–1) 
None 2.0 ± 0.1 
Zn2+ 0.94 ± 0.12 
Fe2+ 2.2 ± 0.3 
Mg2+ 1.8 ± 0.3 
Mn2+ 9.5 ± 0.6 
Ca2+ 1.9 ± 0.2 
Cu2+ 0.36 ± 0.05 
Co2+ 17.4 ± 3.8 
Mo2+ 1.9 ± 0.3 
aPurified VceA (1–5 µg protein/mL) was incubated with 100 µM VAA in the presence of 1 mM acetyl-CoA 
and 100 µM of each metal ion. Each value represents the mean ± standard deviation of three independent 
experiments. 
  5
Table S4. CoA donor specificity of VceA 
CoA donor Specific activity
a 
(µmol·min–1·mg–1) 
CoA ND 
acetyl-CoA 17.4 ± 3.8 (100) 
propionyl-CoA 5.67 ± 0.03 (33) 
butyryl-CoA 0.19 ± 0.14 (1) 
malonyl-CoA 0.084 ± 0.005 (<1) 
acetoacetyl-CoA 0.13 ± 0.02 (<1) 
succinyl-CoA ND 
benzoyl-CoA ND 
aPurified VceA (1–50 µg protein/mL) was incubated with 100 µM VAA in the presence of 100 µM CoSO4 and 
each 1 mM CoA donor. Each value represents the mean ± standard deviation of three independent experiments. 
ND, not detected. Numbers in parentheses indicate the relative activity. 
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Fig. S1. Inducibility of VAA conversion in SYK-6. 
Resting cells (OD600 = 2.0) of SYK-6 grown in Wx-SEMP (white), Wx-SEMP + 2 mM GGE (cyan), and Wx-
SEMP + 2 mM HPV (magenta) were incubated with 100 µM VAA. Portions of the reaction mixtures were 
collected, and the amount of VAA was measured by HPLC. All experiments were performed in triplicate, and 
each value represents the mean ± standard deviation. 
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Fig. S2. Conversion of VAA into vanillate by the seven isolated transconjugants. 
VAA (50 µM) was incubated with cells of S. japonicum UT26S harboring pVK100 (A; vector) and 
transconjugants that showed the ability to convert VAA (B–H). Portions of the reaction mixtures were collected 
after 48 h of incubation and analyzed by HPLC.   
48 h
0.04
0.03
0.02
0.01
0
Retention time (min)
0 1.0 2.0 3.0 4.0
A
VAA
(2.4 min)
vector 48 h
0.04
0.03
0.02
0.01
0
Retention time (min)
0 1.0 2.0 3.0 4.0
B
vanillate
(2.2 min)
No.17 48 h
0.04
0.03
0.02
0.01
0
Retention time (min)
0 1.0 2.0 3.0 4.0
C No.104
48 h
0.04
0.03
0.02
0.01
0
Retention time (min)
0 1.0 2.0 3.0 4.0
D No.108 48 h
0.04
0.03
0.02
0.01
0
Retention time (min)
0 1.0 2.0 3.0 4.0
E
vanillate
No.116 48 h
0.04
0.03
0.02
0.01
0
Retention time (min)
0 1.0 2.0 3.0 4.0
F No.169
48 h
0.04
0.03
0.02
0.01
0
Retention time (min)
0 1.0 2.0 3.0 4.0
G No.185 48 h
0.04
0.03
0.02
0.01
0
Retention time (min)
0 1.0 2.0 3.0 4.0
H No.326
vanillate
vanillate
vanillatevanillate
vanillate
  8
 
Fig. S3. Reaction of the 3-keto-5-aminohexanoate cleavage enzyme (Kce). 
(A) Reaction scheme of Kce. (B) A schematic representation of the course of the Kce reaction. Figures are 
reproduced from (Bellinzoni et al., 2011) under the Creative Commons (CC-NC-BY) license. 
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Fig. S4. Expression of SLG_24820 and SLG_24960 in E. coli and purification of the gene product of 
SLG_24960. 
Proteins were separated on SDS-12% polyacrylamide gels and stained with Coomassie Brilliant Blue. Lanes: 
1, E. coli BL21(DE3) harboring pCold I (vector); 2, E. coli BL21(DE3) harboring pCold24820; 3, E. coli 
BL21(DE3) harboring pET-16b (vector); 4 and 5, E. coli BL21(DE3) harboring pET24960; 1–4, cell extracts 
(10 µg); 5, purified enzyme (1 µg); M, molecular mass markers. 
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Fig. S5. Disruption of SLG_24820, SLG_24960, and SLG_12450 in SYK-6. 
Schematic representations of the disruption of SLG_24820 (A), SLG_24960 (vceA; C), and SLG_12450 (vceB; 
E) by deletion. (B, D, F) Colony PCR analysis of mutants using primer pairs of 
dis24820_conf_F-dis24820_bot_R (B), dis24960_conf_F-dis24960_bot_R (D), and 
dis12450_conf_F-dis12450_bot_R (F) (Table S2).  
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Fig. S6. Conversion of VAA and SAA by SYK-6, D2482, and D2496 resting cells. 
Resting cells (OD600 = 0.5) of SYK-6 (white), D2482 (cyan), and D2496 (magenta) were incubated with 100 µM 
VAA (A) and SAA (B). Portions of the reaction mixtures were collected, and the amounts of VAA and SAA 
were measured by HPLC. All experiments were performed in triplicate, and each value represents the mean ± 
standard deviation.  
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Fig. S7. Conversion of VAA and SAA by purified VceA. 
VAA (100 µM; A and B) and SAA (100 µM; C and D) were incubated with VceA (10 µg protein/mL) in the 
presence of 200 µM acetyl-CoA. Portions of the reaction mixtures were collected at the start (A and C) and 
after 30 min of incubation (B and D) and then analyzed by HPLC-MS. (E) ESI–MS spectrum of Compound II 
(negative mode). (F) Chemical structure of Compound II (syringoyl-CoA). 
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Fig. S8. Amino acid sequence alignment of Kce, VceA, and SLG_24820. 
Residues highly conserved in DUF849-containing proteins are shown with a black background. The asterisks, 
colons, and periods indicate identical residues, conserved residues, and semiconserved residues, respectively. 
  
Kce            -MEPLILTAAITGAETTRADQPNLPITPEEQAKEAKACFEAGARVIHLHIRE-DDGRPSQ 58
VceA           -MAKTFITCAITGAS-PMPKHPNFPFRPEHVAQEALDAAAAGASIIHVHVRNGADGTPSQ 58
SLG_24820      MSNRRMVTIAPTGGTTFKSANPALPTQPQEIADDVYACYKAGAAIAAIHARRPDDEAT-C 59
                    ::* * **.      :* :*  *:. *.:.  .  *** :  :* *.  *     
Kce            RLDRFQEAISAIREVVPEIIIQISTGGAVGES-----------F---------DKRLAPL 98
VceA           ELEDYRKVVGLIREKNTDVILNVTTGPGCMWFPKSAEEPAVPDMEKTLMFTAERRIEHIL 118
SLG_24820      NPAIYRDINDRIRAK-CDIILNNSTGGGNSGDMLIE-RP------DGMFENSFEERLKGT 111
               .   ::.  . **    ::*:: :** .                          .     
Kce            ALKPEMATLNAGTLN----FGDDIFINHPADIIRLAEAFKQYNVVPEVEVYESGMVD-AV 153
VceA           ELKPDMCTLDICTMN----LWGGIAMNLEMIVGKMGTMLQDAGVLTEIECFEAGDFV-FA 173
SLG_24820      EGGAEMCTFDGVTVVDTISGKDVLVITPPSRCETLVKAMVDKGIKPEWEVFSPEHILQDV 171
                   :*.*::  *:       . : :.       :   : : .:  * * :.   .   .
Kce            ARLIKKGIITQNPLHIQFVLGVP----GGMSGKPKNLMYMMEHLKEEIPTATWAVAGIGR 209
VceA           DDLMAKGLIPKNS-PFTFVLGTK----YGLPATPEAMMYSRNQIPRG---AHFTGFGVSR 225
SLG_24820      TRLIQKGY-DKPPYYINIVLGGEKGFQGAMPYTPDILDFMVKCLPPQ---SIWCISGIGP 227
                 *: **   :    : :***       .:  .*. : :  : :      : :   *:. 
Kce            WHIPTSLIAMVTGGHIRCGFEDNIFYHKGVIAESNAQLVARLARIAKEIGRPLATPEQAR 269
VceA           HSFPMAAQSVLLGGHMRVGFEDTIYLRKGVLANSNAELVEWGADIVNKLGGEVATPGETR 285
SLG_24820      AQLPATTQALLLGGHVRVGLEDNHYYSRGVKA-TNLMLIERQVRIMAEMGYEPMSAAESR 286
                 :* :  ::: ***:* *:**. :  :** * :*  *:   . *  ::*    :  ::*
Kce            EILALNK- 276
VceA           EMLGLKG- 292
SLG_24820      ELLGLNPV 294
               *:*.*:  
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Fig. S9. Optimum pH (A) and temperature (B) for VceA.  
(A) The enzyme activity of VceA for 100 µM VAA was determined using 50 mM GTA buffer (pH 5.0–9.0) at 
30°C. (B) The enzyme activity of VceA for 100 µM VAA was determined using 50 mM Tris-HCl buffer (pH 
7.5) at 10–70°C. Each value represents the mean ± standard deviation of three independent experiments. 
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Fig. S10. Chemical structures of substrates used to examine the substrate range of VceA. 
Abbreviations. VAA, vanilloyl acetic acid; SAA, 3-(4-hydroxy-3,5-dimethoxyphenyl)-3-oxopropanoic acid. 
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Fig. S11. Expression of SLG_12450 in E. coli. 
Proteins (10 µg) were separated on an SDS-12% polyacrylamide gel and stained with Coomassie Brilliant Blue. 
Lanes: M, molecular mass markers; 1, cell extract of E. coli BL21(DE3) harboring pET-16b; 2, cell extract of 
E. coli BL21(DE3) harboring pET12450. 
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Fig. S12. Characterization of SLG_12450 mutant (D1245). 
Time course of the production of vanillate (A) and syringate (B) during the incubation of VAA and SAA, 
respectively, with a cell extract of SYK-6 (open symbols; 20 µg protein/mL) or D1245 (closed symbols; 20 µg 
protein/mL) in the presence of VceA (10 µg protein/mL), 100 µM CoSO4, and 1 mM acetyl-CoA. All 
experiments were performed in triplicate, and each value represents the mean ± standard deviation.  
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